Purpose To assess whether virtual non-contrast (VNC) images derived from contrast dual-layer dual-energy computed tomography (DL-DECT) images could replace true non-contrast (TNC) images for aortic intramural hematoma (IMH) diagnosis in acute aortic syndrome (AAS) imaging protocols by performing quantitative as well as qualitative phantom and clinical studies. Materials and methods Patients with confirmed IMH were included retrospectively in two centers. For in vitro imaging, a custom-made phantom of IMH was placed in a semi-anthropomorphic thorax phantom (QRM GmbH) and imaged on a DL-DECT at 120 kVp under various conditions of patient size, radiation exposure, and reconstruction modes. For in vivo imaging, 21 patients (70 ± 13 years) who underwent AAS imaging protocols at 120 kVp were included. In both studies, contrast-to-noise ratio (CNR) between hematoma and lumen was compared using a paired t test. Diagnostic confidence (1 = non-diagnostic, 4 = exemplary) for VNC and TNC images was rated by two radiologists and compared. Effective radiation doses for each acquisition were calculated. Results In both the phantom and clinical studies, we observed that the CNRs were similar between the VNC and TNC images. Moreover, both methods allowed differentiating the hyper-attenuation within the hematoma from the blood. Finally, we obtained equivalent high diagnostic confidence with both VNC and TNC images (VNC = 3.2 ± 0.7, TNC = 3.1 ± 0.7; p = 0.3). Finally, by suppressing TNC acquisition and using VNC, the mean effective dose reduction would be 40%. Conclusion DL-DECT offers similar performances with VNC and TNC images for IMH diagnosis without compromise in diagnostic image quality. Key Points • Dual-layer dual-energy CT enables virtual non-contrast imaging from a contrast-enhanced acquisition.
Introduction
Aortic intramural hematoma (IMH) is a life-threatening condition that belongs to the spectrum of acute aortic syndrome (AAS). It is caused by micro-intimal tear or rupture of the vasa vasorum that creates a hemorrhage into the aortic media and thickens the aortic wall. Between 16% and 47% of IMH will progress to dissection often leading to patient's death [1] . Therefore, it is essential to promptly diagnose IMH in order to perform emergency surgery when necessary [2] .
Today, dual-phase CT angiography (CTA) is considered the best tool available for IMH diagnosis [3, 4] . Indeed, while IMH appears as a circumference of hyperattenuation on non-contrast CT images, it is undetectable on contrast CT images due to the masking effect of iodine [1, [5] [6] [7] . Therefore, dual-phase CTA requires a noncontrast scan for the detection of aortic IMH and a contrast scan during the arterial phase for the detection of intimal tears, extension of an aortic disease, contrast leakage, and visceral ischemia [2, 4, 8, 9] . However, a disadvantage of dual-phase CTA is the higher radiation dose [10, 11] . To decrease the dose, Knollman et al have proposed to replace the non-contrast phase using a threshold to differentiate the IMH from the aortic lumen [12] . Unfortunately, this method highly depends on attenuation levels, which are affected by various factors such as tube voltage, patient size, or beam-hardening effects that make the diagnosis of thin IMH particularly difficult due to the high concentration of iodine within the blood pool [13] .
Dual-energy CT (DECT), comparing two different energy levels, discriminates materials of different effective atomic numbers [14] [15] [16] [17] [18] . Post-processing can create virtual non-contrast images (VNC) that simulate true non-contrast images (TNC) by subtracting the attenuation due to iodine from the contrast-enhanced images [19, 20] . However, the comparability of VNC with TNC images depends on the accuracy of iodine quantification. For example, in the study of Hua et al [19] , iodine accuracy is within 0.3 mg/mL (median) with a maximal deviation of 0.5 mg/mL. This translates into variation of up to 10-15 HU, in line with the results of previous studies [19, [21] [22] [23] [24] [25] [26] . Therefore, since VNC is only an approximation of TNC, it is important to check the usefulness of VNC within specific clinical situations [20, 21, 25, 27, 28] . The rationale of replacing TNC by VNC images is to reduce radiation exposure by waiving the non-enhanced acquisition. It serves also when the non-contrast acquisition was erroneously omitted.
In the absence of previous demonstration in the literature, we conducted this study to assess whether VNC images could replace TNC images for aortic IMH diagnosis in AAS imaging protocols, by performing phantom and clinical experiments.
Material and methods

Study design
This work consisted of an in vitro phantom study performed in an academic hospital (Hôpital Louis Pradel, Lyon) and an in vivo clinical study carried out in two academic hospitals (Hôpital Louis Pradel, Lyon, and Clinique Universitaire UCL, Brussels) and approved by the Institutional Review Board of both institutions. The patients were included retrospectively; their data were anonymized and no informed consent was required.
Dual-layer dual-energy CT
This study was carried out on a single source dual-layer spectral CT (IQon, Philips Healthcare) equipped with two separate scintillator layers. The top layer absorbs the low-energy photons and the bottom layer the highenergy ones. Therefore, both acquisitions are perfectly simultaneous and the spectral separation is not compromised by any motion. An original feature of this technology is that it allows processing spectral data without having to select a dual-energy protocol prior to an examination and delivers the same dose as a conventional single-source CT [19, 22] .
Phantom study
IMH phantom
To compare the TNC and VNC image quality, a custom IMH phantom was built using animal tissue and blood ( Fig. 1 ). Experimental details are provided in the Supplemental data.
Image acquisition and reconstruction
The acquisition was carried out using a non-ECG gating aortic protocol ( Table 1 ). The acquisitions were performed at three different CTDIvol (2.5, 5, and 10 mGy) without automatic current modulation in order to keep the dose constant between different phantoms. These exposure levels were chosen to match clinical AAS imaging protocols and correspond to a dose right index at 15, 21, 27 and 6, 12, 18 for the small and large phantoms, respectively. Each acquisition was repeated three times and the standard deviations and ranges of the averaged attenuation values were calculated. Conventional TNC images of the non-contrast phantoms, VNC images of the contrast phantoms, and "iodine no water" images were reconstructed using the proprietary iDose/Spectral iterative reconstruction algorithm at levels 0 and 3 and obtained directly from commercial software (Spectral Philips IntelliSpace Portal 9.0). To obtain the VNC images, the reconstruction algorithm subtracts the respective iodine component from each of the base components and creates a monoenergetic 70 keV from the resulting base components [19] . Level 0 corresponds closely to an FBP reconstruction with a minimum of additional iterative post-processing.
Image analysis
Images were analyzed on a clinical workstation with commercial software (Spectral Philips Intellispace Portal 9.0). Regions of interest (ROIs) of 0.8 to 2.0 cm 2 were drawn within the hematoma, blood, and fat by a radiologist with 6 years of experience in cardiovascular imaging (SSM) to measure the mean attenuation values and standard deviations (SD). After carefully matching each set of acquisition in the z-direction, the ROIs were copied/pasted on the corresponding slice. The absolute mean attenuation difference between TNC and VNC attenuation values was calculated. The contrast-to-noise ratio (CNR) between blood and hematoma on both images was calculated for each conditions using the formula below:
The SD of the fat attenuation surrounding the IMH model was chosen to assess image noise because of the homogeneity of this tissue. The water-equivalent diameters (WED) of the phantoms and the patients were calculated using custom software.
Clinical study
Patient characteristics
We retrospectively reviewed clinical and imaging data for patients who were suspected of having an acute aortic syndrome and who underwent a CTA between April 2017 and November 2018. The inclusion criterion was the presence of an isolated intramural hematoma confirmed by the surgery. When surgery had been declined, the diagnosis was based on a final consensus between the clinical signs and the imaging findings on CTA. Patients who underwent a single-phase CTA examination were excluded from the study. Taken together, 21 patients were included. The information about the population included in the study is shown in Table 2 .
Image acquisition and reconstruction
All patients underwent a dual-phase CT according to the European Society of Cardiology 2014 guidelines on the diagnosis and treatment of aortic disease [9] (Table 1) . For the arterial phase, bolus tracking and retrospective ECG gating were used following intravenous administration of 60- Fig. 1 Representation of the aortic intramural hematoma (a) and anthropomorphic (b, c) phantoms. The false and inner lumen were filled with blood with extra iodinated contrast media for the inner lumen to target an attenuation value of 80 HU and 350 HU, respectively. Obese patients were simulated by adding an outer extension ring (b) 80 mL of iodinated contrast medium (3-3.5 mL/s) followed by 25 mL of physiologic saline solution. The image reconstructions for all patient included TNC, VNC, and "iodine no water" images, at iDose/Spectral level range 3.
Quantitative analysis
The images were analyzed similarly to what has been performed for the in vitro study. For each patient, a stack of 3 contiguous slices of 1.5 mm width was drawn at different positions separated by 15 mm depending on the IMH size. Measurements were performed within three different tissues: hematoma, blood, and peri-aortic or peri-abdominal fat. The CNRs were calculated as described above.
Qualitative analysis
Two radiologists (SSM, DR) with 6 years of experience in cardiovascular imaging as well as respectively 4 years (SSM) and no experience (DR) in dual-layer dual-energy CT (DL-DECT) images read the patients' cases. The readers were not blinded to the type of images and scored them for each patient at 4 different levels. The readers could change settings and window according to their personal preferences. The readers were asked to score the diagnostic confidence of the hyper-attenuation of the aortic wall relative to the blood pool based on a scale from 1 to 4: 1 = non-diagnostic, 2 = limited, 3 = diagnostic, and 4 = exemplary ( Fig. 2) [29].
Radiation dose
The dose-length product (DLP) and volumic CT dose index (CTDIvol) for the non-contrast and contrast acquisitions were recorded. The effective dose (ED) was calculated as follows: ED = DLP × 0.014 (Thorax conversion factor) [30] .
Statistical analysis
Statistical analyses were performed using the software R (R Foundation for Statistical Computing) [31] . All data are given as mean ± SD (1st quartile; 3rd quartile). Attenuation and CNR values were compared using a paired t test as the 
Results
Phantom study
The aortic wall hyper-attenuation was observed for all phantoms on both TNC and VNC images but not on the contrastenhanced images (Fig. 3 ). On both TNC and VNC images, the hematoma and blood exhibited different attenuation values allowing to differentiate one from the other with either method ( Table 3 ). We evaluated the effects of the ring, radiation dose, and iDose/Spectral level and found that while no significant difference in attenuation was observed for the TNC images in neither of them, a higher radiation dose or a smaller phantom was associated with higher attenuation values in both hematoma and blood in VNC images (p < 0.001) ( Table 3 and Supplemental Figure 1) . Additionally, the noise was higher in TNC images for all phantoms, radiation dose, and iDose conditions ( Supplemental Table 1 ). Finally, we found similar hematoma, blood and fat attenuation values between the three repeated acquisitions, showing good inter-scan reproducibility (Supplemental Table 2 ).
Clinical study
Similar to the phantom study, the aortic IMH was not visible on contrast images, while it was clearly distinguishable on both TNC and VNC images. This result is illustrated in Fig. 4 . Moreover, no significant differences in attenuation values were found between the TNC and VNC images for the blood or the hematoma among the 165 evaluated slices ( 
Contrast-to-noise ratio
Phantom study Figure 3 shows the results for the phantom conditions closest to clinical settings, that is to say small phantom (similar WED than clinical study), CTDIvol 10 mGy, and iDose 3, while the supplemental Figure 2 shows the results for all phantoms, iDoses, and CTDIvol conditions, individually. Altogether, for all conditions, the CNR values were not significantly different between the TNC and VNC images (p > 0.05) for both small and large phantoms (Supplemental Figure 2 ) except with the small phantoms under similar clinical conditions (p > 0.0001) ( Fig. 5b) .
Clinical study The CNR values were significantly higher in VNC images compared with those in TNC images as a result of lower noise in the VNC images and similar attenuation values between VNC and TNC images (CNR VNC = 1.07 ± 0.82 [0.68; 1.28], CNR TNC = 0.90 ± 0.73 [0.45; 1.29], p = 0.018, 95% confidence interval = [0.86; 1.28] and [0.71; 1.09], respectively) ( Fig. 5 ).
Iodine concentration
The mean iodine concentrations (mg/mL) in patients were at 13.87 ± 5.73 (10.50; 17.05) within the blood. The mean apparent concentrations were at 0.55 ± 0.35 (0.22; 0.85) within the hematoma. The mean iodine concentrations (mg/mL) in vitro for 2.5, 5, and 10 mGy were respectively 0.94, 0.95, and 0.94 in the small phantom and 1.41, 1.75, and 1.57 in the large phantom within the hematoma and 10.07, 10.08, and 10.01 in the small phantom and 9.44, 9.36, and 9.26 in the large phantom within the blood. The mean iodine concentration in control tissue (fat) was 0.00 ± 0.01 (− 0.01; 0.02) in both phantoms and 0.02 ± 0.10 (− 0.04; 0.06) in the clinical study. 
Diagnostic confidence
The diagnostic confidence scores were close to exemplary for both the TNC and VNC images and were not significantly different between the two (TNC = 3.13 ± 0.74; VNC = 3.22 ± 0.73, p > 0.30). The inter-radiologists agreement was high for both images with TNC = 96.51%, k = 0.87; VNC = 93.80%, k = 0.76, as well as for the intra-radiologist reliability with TNC = 98.07%, k = 0.87; VNC = 96.74%, k = 0.90.
Radiation dose
The calculated effective doses (mSv) were 5.5 ± 3.7 (3.7; 6.3) and 8.8 ± 7.2 (4.3; 11.0), respectively, for non-contrast and contrast scans leading to an overall dose of 14.2 ± 10.6 (9.5-15.8) ( Table 2 ). By suppressing TNC acquisition and using VNC, mean effective dose reduction would be 39.9 ± 10.8% (33.1; 44.0).
Discussion
In the present study, we demonstrated that using a DL-DECT system, it is possible to replace TNC images with VNC images and obtain reliable aortic IMH diagnosis while delivering lower doses of radiation than a typically dual-phase CT AAS protocol. The CNRs were comparable in both images between the hematoma and the blood allowing for the visualization of the relative hyper-attenuation of the hematoma in clinical study and also for every experimental condition of the in vitro study despite WED variations, CTDIvol differences, and iDose level choices. In both studies, the attenuation values in the VNC images were slightly different than in the TNC images (up to~10 HU). Such differences are expected since the VNC images mimic a monoenergetic image at 70 keV of non-contrast acquisition while TNC values are derived from conventional polychromatic images. HU values of conventional images are impacted by the beam-hardening effect: tube kVp, post-tube In the phantom study, the attenuation values in the VNC images were lower than in the TNC images. This difference was accentuated at low-dose levels and phantom size, in agreement with previous studies [19, 22] . This could be explained by two factors. First, in DECT, the VNC images are derived from the water components based on a material decomposition between two components (water-iodine) in which any deviation from water-like attenuation is interpreted as non-zero iodine component [19, 22] . Therefore, their attenuation values end up being decreased. For example, as for bones, the calcifications are interpreted as a mixture of water-like and iodine-like materials, and the VNC algorithm does not separate the bone from iodine, explaining that the attenuation value of bone or calcification in VNC images is roughly half of their value in the original 70-keV image.
Similarly, the elevated protein, iron, and hemoglobin content in the hematoma and blood, which increases the x-ray attenuation [32] , is interpreted as a mixture of water-like and iodinelike material. Hence, the iodine content is overestimated which leads to an underestimation of the hematoma and blood attenuation in the VNC image. Second, in low-dose conditions (obese patients, low CTDIvol), the accuracy of iodine quantification is biased which, as demonstrated in several studies, also results in inaccurate attenuation values [22, 33] . However, in such cases, we found similar CNR probably explained by the noise suppression algorithms included in spectral reconstructions which take advantage of known statistical properties of the noise (anti-correlation between the two base images) to target it and reduce it [22, 34] .
In the clinical study, we found slightly different results in comparison with the phantom study due to the difficulties mimicking perfectly the hematoma composition, as well as the heterogeneity of hematoma attenuation between patients. Firstly, the attenuation values were closer between VNC and TNC images in vivo, probably explained by the lower concentrations of hemoglobin, protein, and iron. Indeed, the mean attenuations for hematoma and blood were lower in vivo than in vitro. This decreased the overestimation of the iodine content, as confirmed by the lower iodine concentrations present in the hematoma, which led to a greater estimation of hematoma attenuations in the VNC images. Secondly, the percentages of absolute differences measurements of less than 5, 10, and 15 HU were found in more than 70, 92, and 98% of the cases, respectively, in line with recent studies [24, 35] . Finally, there was a significant difference in CNR between VNC and TNC images. This result was most likely due to the different doses of radiation that were used between the non-contrast and contrast acquisitions. An important result of our work is the similar diagnostic confidence for the hyper-attenuation of the aortic wall relative to the blood pool on VNC compared with TNC images, independently from the experience of the readers to DL-DECT images. This finding, combined with the enhanced CTA, would then end up with a similar diagnostic performance of IMH to a standard CT protocol with two acquisitions. We also observed good and excellent inter-rater agreement for the VNC and TNC images, respectively. This contrasts with previous studies that demonstrated inhomogeneous subtraction of iodine in VNC images [20, 36, 37] . We can explain our results by a better correction of the beam hardening and management of the high iodine concentrations. Indeed, we took advantage of a recent software update of the DL-DECT system that improves image quality.
Altogether, our data appear to be consistent with previous studies from other fields that reported comparable quality between VNC and TNC images [20, 21, 23, 28] . However, it is the first study to evaluate VNC images obtained from clinically acquired examinations in an acute condition setting. In addition, AAS have variable clinical presentations that may overlap with other acute cardiovascular events (e.g., myocardial infarction, pericarditis) that are more frequent and only require enhanced CT to be diagnosed. Unfortunately, IMH can be diagnosed only if an unenhanced CT has been done first. Therefore, when a radiologist is unexpectedly confronted to a thickened aortic wall on an enhanced CT, it is not possible to reliably diagnose IMH. On the contrary, using DL-DECT, it would be possible to use VNC images a posteriori and look for hyper-attenuation relative to the blood pool to diagnose IMH. This protocol also has the advantage of substantially decreasing the radiation dose as shown here as well as in other studies [20, 36] .
Our work has some limitations such as static blood in the phantom aortic lumen led to a greater heterogeneity of the attenuation values. Secondly, our phantom, by the high Fig. 5 Distribution of the in vitro (a, b) and in vivo (c, d) mean CT attenuation values and contrastto-noise ratios shown as boxplots. The lower and upper margins of each box indicate the 25th and 75th percentile. Median is marked by the line in the box, and outliers indicate the minimal and maximal values attenuation found in the hematoma, was not reflecting the full range attenuations of IMH. However, the acute ones were well reflected. Finally, while the patients included in the study represented a heterogeneous panel of the population with a great diversity of WEDs and CTDI vol , there were still only 21 subjects.
In conclusion, we demonstrate in the present study that it is possible to use VNC images from DECT to diagnose IMH while potentially decreasing the dose of radiation delivered to the patients.
